Crystallization of colloids has extensively been studied for past few decades as models to study phase transition in general. Recently, complex crystal structures in multi-component colloids, including alloy and eutectic structures, have attracted considerable attention. However, the fabrication of 2D area-filling colloidal eutectics has not been reported till date. Here, we report formation of eutectic structures in binary and ternary aqueous colloids due to depletion attraction. We used charged particles + linear polyelectrolyte systems, in which the interparticle interaction could be represented as a sum of the electrostatic, depletion, and van der Waals forces. The interaction was tunable at a lengthscale accessible to direct observation by optical microscopy. The eutectic structures were formed because of interplay of crystallization of constituent components and accompanying fractionation. An observed binary phase diagram, defined by a mixing ratio and inverse area fraction of the particles, was analogous to that for atomic and molecular eutectic systems. This new method also allows the adjustment of both the number and wavelengths of Bragg diffraction peaks. Furthermore, these eutectic structures could be immobilized in polymer gel to produce self-standing materials. The present findings will be useful in the design of the optical properties of colloidal crystals.
Self-organizations of colloidal particles in dispersions, i.e., crystallization [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and clustering [11] [12] [13] [14] [15] [16] [17] [18] , produce ordered arrangements of the particles. In multicomponent colloids, these orderings create more complex structures; they include alloys (superlattices [19] [20] [21] [22] and eutectics 23, 24 ) in size-asymmetric binary colloids, and also heterogeneous clusters of well-defined shapes 11, 16, 18 . These complex structures will be useful as models of their atomic and molecular analogues, as well as novel materials in, e.g., photonics 25, 26 . Here, we report formation of two dimensional (2D) area-filling colloidal eutectic structures in binary and ternary colloids. These eutectic structures -homogeneous mixtures of crystals of each component -were spontaneously formed because of interplay of crystallization of constituent components and accompanying fractionations.
Colloidal crystals are ordered structures of submicron-sized uniform particles in two-or three dimensions [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Over the past few decades, the colloidal crystallization has extensively been studied as models to study phase transition in general [1] [2] [3] 5, 6 . Their structures significantly vary depending on kind of interaction between the particles. Hard sphere (HS) colloids 1, 2 , where the particles interact only via HS repulsion, crystallize at the particle volume fraction (φ) of approximately 0.49 (Alder transition). Closely packed opal structures are formed at φ = 0.74 in the HS colloids. For charged particles, electrostatic interactions lead to the formation of ordered crystals even at much lower φ 2, [5] [6] [7] [8] 10 . Other important interactions for structural formations include depletion attraction that arises from the presence of non-adsorbing depletants in the medium [27] [28] [29] . Frequently, linear polymers are used as the depletant. An illustration of the depletion interaction is shown in Fig. 1(a) . The polymer chain present in the medium cannot enter the gap between the particles, which is narrower than the polymer chain size in a solution (red-colored region); such a gap is called the depletion zone. The resulting difference between the polymer concentrations in the bulk and depletion regions causes a difference in the osmotic pressures, Δp, leading to an attraction between the particles. Colloidal crystals were formed under sufficiently high particle and/or polymer concentrations 29 . When Δp is sufficiently high, even charged colloids interacting via electrostatic repulsion crystalize due to the depletion force. Kose and Hachisu 4 have reported that the depletion attraction-induced crystallization of charged polystyrene (PS) particles coexisting with the charged sodium polyacrylate (NaPAA) polymer. In the present study, we also use this system for the crystallization. We demonstrate that the interparticle interaction in the present system can be represented as a sum of the electrostatic, depletion, and van der Waals forces. By controlling over these competing interactions, we could tune the interaction at a lengthscale accessible to direct observation by optical microscopy.
Thus far, several authors have reported formations of eutectics in non-charged colloids. In binary hard sphere colloids subjecting gravitational sedimentation, fluid-crystal phase separation has been observed, and the presence of eutectics was also predicted theoretically 30 . Kozina et al. 23, 24 have recently reported the formation of eutectic structures in density-matched binary colloids. They determined precise phase diagram of the eutectics formation, by applying light scattering. However, 2D area-filling colloidal eutectics have not been reported till date.
Colloidal crystals have also been investigated as potential photonic materials 25, 26 , because their Bragg wavelengths λ B can be set in visible to near infrared regions. λ B is given by the Bragg relation 2d sin θ = λ B /n r , where d is the distance between the crystal planes, θ is the incident angle of the light, and n r is the refraction index of the sample. The eutectic colloidal crystals should have multiple Bragg peaks, whose λ B values and intensities are easily tunable by changing the sizes and concentrations of the each constituent. These eutectic structures should have showed more advanced optical properties if area-filling materials are obtained. Here, we report the fabrications of binary and ternary eutectic colloidal crystals that filled the bottom plane of the containers. These structures were formed owing to the depletion force and sedimentation of the particles. The crystal lattice planes were well oriented parallel to the container bottom planes, facilitating the control of the optical properties. We also report immobilization of the eutectic structures in polymer gel matrix. 
Results and Discussion
Depletion-induced crystallization in one-component PS + NaPAA. The characteristics of the particles we used are listed in Table 1 . The diameters and polydisersity indexes (p.d.) of the particles were determined by dynamic light scattering (DLS) measurements. The zeta potentials ζ of the particles were estimated from electrostatic mobility determined by microscopic electrophoresis. The NaAA was prepared by adding NaOH to polyacrylic acid solution, until the degree of neutralization was 0.5. The weight average molecular weight, M w , of NaPAA was 8. , and polydispersity index, M w /M n (M n is the number average molecular weight) was 3.2. The radius of gyration R g of NaPAA in water, obtained by DLS, was 250 nm. Ratios of the particle radius a p to R g (≡ q) were also shown in M w (n p */N A ) = 1.8 × 10 −3 wt%; N A is the Avogadro constant). All the experiments was performed at C p = 0.08 wt%, that is, C p /C p * ~ 44. The effective charge number Z eff of a NaPAA molecule, determined by means of conductivity measurements, was 2200. More details on the characterization will be described in Method section.
We first examined the depletion interaction in one-component PS + NaPAA systems in disordered fluid state. Figure 1 (b) shows a 2D radial distribution function of the particle, g(r) (r is the center-to-center distance of the particles), for PS600 (φ = 6.7 × 10 −3 ) + NaPAA colloid, determined from a micrograph (shown in inset). The particle number concentration n = 3/(4π a p . The g(r) had a first maximum at r/2a p = 1.16. That is, at the closest approach, the particles were not in contact to each other but located with a separation of 0.32a p (~100 nm) on average. This suggests that the depletion attraction overcame the electrostatic repulsion between the particles at the short distance.
We calculated a pair interaction potential of the particles, in terms of the electrostatic, van der Waals (VDW), and depletion potentials as follows. When the surface potential of the particle is sufficiently low, the electrostatic interaction is often represented by Yukawa potential 2 , U Y (r):
where Z is the particle charge number and e 0 is the elementary charge; ε r and ε 0 the relative permittivity of medium and vacuum permittivity. κ is Debye parameter defined as κ
, where I is the ionic strength. The correction factor for the particle size is given by A = exp(2κa p )/(1 + κa p ) 2 . By performing the electrical conductivity measurements, we determined Z of PS600 was 1.33 × 10 4 . The values of I and κ calculated from Z eff of NaPAA and C p were 2.17 mM and 6.5 nm, respectively.
The VDW potential between two spheres 2 is given by
Here A H is the Hamaker constant; for PS/water/PS system, A H is estimated to be 4.75 k B T (k B is the Boltzmann constant and T the temperature) by applying Lifsitz theory 31 . The interaction potential for the depletion attraction, U AO (r), has derived by Asakura-Oosawa 27 and Vrij
d where R d = a p + R g is the depletion radius, and V OV (r) is the overlap volume of spheres having radius of R d .
For example, for a p = 300 nm and C p = 0.08 wt%, we have U AO = − 1.08 k B T at r = 2a p .
In Fig. 1(c) , U Y , U VDW , and U AO were represented by blue solid curves, while U Y + U VDW and total potential interaction U = U Y + U VDW + U AO was shown in green and red, respectively. It is clear that U (r) had a minimum (~ − 1 k B T) at r/2a p = 1.12, which was in a close agreement with the closet distance for g(r). Thus, under the Particle PS600 G500 PS430 DR390 G300 PS300 PS250 PS200 present conditions, we can assume that two PS particles interact via net attraction. We expect that this system provides a useful model to study the phase behavior in a single-particle-level. We would like to note, however, that both NaPAA and PS particles have large numbers of counterions, which enhances the osmotic pressure in the medium. A difference in the small ion concentrations in bulk and depletion zone, if any, should cause additional attraction/repulsion. Further experimental study on this respect is in progress. The PS particles settled to the bottom of the cell in a few days and formed crystal structures. High ionic strength in the colloids due to the NaPAA may have assisted the sedimentation. The crystal lattice planes were oriented parallel to the bottom of the container. Figure 1(d) shows a micrograph of the crystal/fluid (non-crystal) interface. A movie of the crystal growth process is shown as Supplementary Information S1 and S2. Here we can observe the motion of the particles near the interface. Microscopic observation of the crystal structure in the z-direction confirmed that the crystal planes comprised more than five layers.
Observation of the eutectic formation process. We then examined the phase behavior of the binary colloids. We have already reported that the impurity particles were excluded from the crystals to the grain boundaries during grain growth in charged colloids 10 . Nozawa et al. have studied the impurity distribution in charged colloids based on the crystallization theory 33 . A similar exclusion behavior was observed for the present crystallization ( Fig. 2(a) , sample: G300/PS600 + NaPAA. φ = 1.3 × 10 −4 and 6.7 × 10 −3 , respectively). At first, vacancy sites were present at the crystal-fluid interface (left). Then, two small particles entered these sites but they were not trapped there (middle). On the other hand, particles with the equal size were incorporated into the crystal (right). That is a spontaneous fractionation of the particles occurred. A movie of these processes is shown in Supplementary Information S3. Size fractionation due to the depletion-induced crystallization has thus far been reported for particles with a broad size distribution 34 . The abovementioned size fractionation in binary colloids resulted in eutectic structures, under suitable conditions. Figure 2 , respectively) on the day 13 after preparation. Δt represents the time course. Here we showed superposed micrographs taken by reflection and fluorescent modes. G500 and PS600 particles are shown as green-colored and monochrome images. At Δt = 0, both the PS600 and G500 particles formed polycrystal structures (indicated as C1 and C2) and both of them were also partly presented in fluid region. At Δt = 2.5 h, G500 particles were excluded during crystallization of PS600 and the accumulated G500 particles crystallized in between the crystal regions of PS600. At Δt = 2.5 h, most of the particles, except those in the grain boundaries, form eutectic crystals. This mechanism of eutectic formation is illustrated in Fig. 2 
(c).
Phase diagram of binary PS colloid. We determined the phase diagram of binary PS particles (PS600, G500) + NaPAA systems by using LSM. Though we prepared dilute samples (φ ~ 0.02), the particles settled out to the bottom of the container and crystallized. We observed the samples in both reflection and fluorescence modes to distinguish the two components. The area fractions of each component (φ A1 and φ A2 ) were determined from the micrographs.
The observed phase diagram is shown in Fig. 3 . Usually, a binary phase diagram for atomic system plots temperature T against relative concentration of one of the constituents. For simplicity, here, we used 1/φ A (φ A = φ A1 + φ A2 ) as an ordinate of the phase diagram. The reduced pressure is also a useful parameter to describe the phase behavior of colloids 35 . The fraction of G500, X 2 (= φ A2 /φ A ) is used as the abscissa in Fig. 3 . Typical micrographs for various states in the phase diagram (a-h) are also shown in Fig. 3 . It is clearly seen that the states of the colloids were classified into fluid, fluid + crystal of one of the components, and eutectic crystals. The eutectic region was present in 1/φ A ≤ approximately 2 (φ A = φ A, e = 0.5), at all the X 2 examined. Fluid/eutectic coexistence was observed at (1/φ A , X 2 ) = (1.7, 0.53). The φ A value at the closest packing, φ A *, is 0.91 (1/φ A * = 1.1). This implies that in φ A, e ≤ φ A ≤ φ A *, the particles were not in contact to each other, because of electrostatic repulsion. The present phase diagram is in analogous to binary phase diagrams of atomic eutectic systems 36 . It appears to be of interest to know if the present systems can form "solid solution"; that is, crystal (solid) phase can dissolve single particles of another constituent. We sometimes observed that the crystals of one constituent included small numbers of another component. However, at the present stage of study, we could not distinguish if these states were equilibrium solid solution, or non-equilibrium structures. Further studies are in progress. We would also like to note that an incubation time for nucleation of one constituent in the eutectic phase, significantly varied depending on X 2 , and took the largest value at X 2 ~ 0.5. Figure 4(a) shows the eutectic crystal structure of the ternary colloids comprising DR390, G500, PS600 (φ i = 1.7 × 10 −3 , 8.0 × 10 −4 , 6.7 × 10 −3 ). The insets in Fig. 4 show the superimposed images of the DR390 (right) and G500 (left) obtained using different optical filters. The PS600 particles are present in the dark regions of the image. Figure 4(b) is a magnified image showing opal structure of PS600 particles illuminated by the surrounding bright red and green particles. Using the Fourier transform of the images, we confirmed that the crystal structures had six-fold symmetries, implying that each component is spontaneously fractionated and arranged into an ordered crystal structure. As described above, we observed the successive fractionation and crystallization processes (Fig. 4(c) ). Upon crystallization of the largest particles, the other components are excluded from the crystal boundary. This is followed by the successive crystallizations of the second and third components. A similar successive crystallization has been reported for eutectic formation in atomic and molecular systems 37 . We note that the crystallization is facilitated in constraint geometry 38 , which has a close relevance to the present finding.
Eutectic crystal in ternary PS colloid.
Optical property of the eutectic colloidal crystals. Using smaller particles, we then examined eutectic structures with Bragg wavelengths in the visible light region of the spectrum. Figure 5(a-1,2) show micrographs of the eutectic structures of binary and ternary colloids. The crystal grains exhibited two or three types of colored regions. Since the particles used here are not dyed with fluorescent molecules, the observed colors should be because of the Bragg diffraction from the crystal lattices. The grain size differences in these binary and ternary eutectics may be caused by the differences in the densities of the crystallization nuclei. Figure 5(b-1) shows the reflectance spectra of single-component crystals of PS200, PS250, and PS300. The spectra of the PS200 and PS250 crystals exhibited a single Bragg peak, while the PS300 crystal exhibited two peaks at approximately 780 and 400 nm, respectively. We calculated the Bragg wavelengths by assuming that the crystal lattice had face centered Figure 3 . Phase diagram of binary colloids (G500/PS600, particle size ratio = 1/1.2, Cp = 0.08 wt%.) colloids defined by inverse of area fraction, 1/φA, and volume fraction of G500, X2. The regions indicated F, C1, and C2 represent fluid phase, crystal phase of PS600 particles, and crystal phase of G500 particles, respectively. The LSM images of the samples shown (a ~ h) in the diagram are also shown.
cubic lattice symmetry and the (111) planes of the obtained crystal are oriented parallel to the bottom of the cell. For this calculation, we used the volume average of refraction index n r values for the PS particle (i.e., 1.59), and water (i.e., 1.33) and φ = 0.74 for PS. The calculated diffraction wavelengths are 533, 620, and 786 nm for PS200, (1) binary (PS200/PS250, particle size ratio = 1/1.1), and (2) ternary(PS200/PS250/PS300), particle size ratio = 1/1.1/1.4.) eutectic crystals; (b) reflectance spectra of (1) single component, (2) binary component, and (c) ternary eutectic crystals. PS250, and PS300, respectively, which are in good agreement with the observed peak wavelength (We note that these corresponds to the wavelengths of blue, green red lights. Thus, the present eutectic crystals will be useful as RGB optical filters). The multi-component systems are comprised PS 200 and PS 250 (φ i = 0.010, 0.033) and PS 200, PS250, and PS300 (φ i = 0.020, 0.0152, 0.0172). The reflection spectra of the binary and ternary colloids are shown in Fig. 5(b-2,3) . The observed multiple peaks are due to the overlap of the spectra of the crystals of each single component. The formation process of the eutectic crystals was similar to that shown in Figs 2 and 4 . In ternary colloids, the appearance of the peak due to the PS200 crystal was followed by the successive appearance of the PS250 and PS300 peaks.
Immobilization of eutectic in polymer gel matrix. The obtained eutectic crystal structures could be immobilized in poly (N-methyrolacrylamide) polymer hydrogel using a slight modification of our previously reported photopolymerisation method 39 . We thus obtained self-standing eutectic materials. Figure 6 (a) shows an image of the inverted gelled sample. The sample has a white turbid colored dense bottom. Here, the gelled sample was placed upside down, so that the top region in the image was formed by the sedimentation of the colloidal particles. An optical micrograph of the gelled eutectic structures and the detailed structure of these gelled samples during the crystal growth process (Fig. 6(c) ) and obtained eutectic structure (Fig. 6(d) ) are shown in Fig. 6(b,d) . We expect that these immobilized crystals may find future applications as optical filters whose transmission and reflection characteristics are tunable by mechanical stress.
Conclusion
We have demonstrated a spontaneous formation of eutectic crystals in binary and ternary colloids that oriented to the bottom of the container. We used charged PS particles + sodium polyacrylates, by which we could control interparticle interaction over competing electrostatic, depletion and van der Waals interactions. The eutectic crystal formation was attributed to a combination of depletion force and spontaneous fractionation during crystallization. We determined a binary phase diagram for two PS particles having different sizes, which were analogous to that for atomic eutectic system. We expect that our findings will be useful in the design of the optical properties of colloidal materials. Such colloids are also valuable as models for the general study of the eutectic structure formation process.
Method
Materials. We used the aqueous dispersions of the polystyrene particles of various diameters. The particles except PS250 were purchased from Thermo Scientific, MA., while PS250 was synthesized by emulsifier-free radical polymerization in our laboratory 40 . Polyacrylic acid sample was purchased from Wako Chemicals, Tokyo, Japan. We determined the molecular weight and polydispersity of PAA as follows. It is known that the average molecular weight determined by viscosity measurements at theta condition is equal to M w . In the case of NaPAA, the theta condition of polymer in aqueous solution lay at [NaBr] = 1.5 M and T = 15 °C. The measured limiting viscosity [η ] was 1.49 dl/g, which gave M w = 8.18 × 10 5 (M w = 7.8 × 10
5
, for degree of neutralization, DN = 0.5). M n , of NaPAA (DN = 1) was determined by the osmotic pressure measurements using membrane osmometer under dilute condition (0.05 wt%). By using van't Hoff relation, we determined M n = 2.57 × 10 5 . The conductivity and pH titrations of PAA are described in Supplementary Information S4. The hydrodynamic radius R h of the NaPAA (DN = 0.5) in pure water, determined by performing dynamic light scattering (DLS) measurements, was 250 nm. Here we assumed this value as R g . Calculated R g value for the PAA under theta condition [Gaussian coil, R g = b (DP/6) 1/2 ; b is the segment length = 0.252 nm, and degree of polymerization DP = 8.7 × 10 3 ] is 12 nm. On the other hand, fully stretched length of the PAA is estimated as 2200 nm. Therefore under the present conditions, the PAA chain had rather extended conformation.
Optical microscope observation. We observed the crystallization processes using glass-bottomed cells via an inverted microscope (Nikon, ECLIPSE-Ti, Japan) and confocal laser scanning microscope (Nikon, C2, Japan).
Spectrometry.
A multichannel spectrometer (type USB-2000, Ocean Optics Inc., Dunedin, FL) equipped with optical fiber probes was used for the right angle reflection spectra measurements.
Immobilization by polymer gel. The reaction solutions were composed of 0.67 M N-methyrol acrylamide (gel monomer), 10 mM N,N'-methylenebisacrylamide (crosslinker), and 0.05 mg/ml 2,2′ -azobis[2-methyl-N-[2-hydroxyethyl]-propionamide] (photo-induced radical polymerization initiator). After the solutions were deionized using ion-exchange resin beads, argon gas was bubbled through them to remove dissolved oxygen and carbon dioxide, which would otherwise inhibit the radical polymerization reaction. Before formation of the eutectic crystals, the abovementioned gellation reagents were dissolved in the multi-components colloid and polymer. Since the eutectic colloidal crystals were grown at the bottom of the cell, UV was illuminated from the bottom.
SEM imaging.
Gelled colloidal crystal could be observed by a scanning electron microscope (JEOL, JCM-6000, Tokyo, Japan) after treatment by ethanol for approximately 10 min. Using this process, a fraction of the polymer networks shrunk and the particles were exposed to external environment. We noted that since the obtained crystals had an opal structure, the shrinking of the gel during the processing by ethanol did not reduce the distances between the particles in the crystals.
